Withania coagulans (Stocks) Dunal is an important medicinal plant of the Solanaceae. Biotechnological studies on this plant started in 2009 and are still in a nascent phase of development. Even so, some important advances have been made, particularly in the field of tissue culture, which is an important means for its large-scale propagation and in vitro conservation. This review focuses on methods for surface sterilization, culture initiation, multiplication, rooting and acclimatization of W. coagulans.
INTRODUCTION
Withania coagulans (Stocks) Dunal (Solanaceae), commonly known in English as Indian cheese maker, Indian rennet or vegetable rennet and with trade names panir (or paneer) doda, dodi, bandh and dhodi, is a medicinal herb whose biotechnological attributes have not been extensively explored, unlike better known W. somnifera. W. coagulans is a seed propagated, berry bearing bush that has ample medicinal properties conferred by the presence of many biologically active compounds including alkaloids, steroids, phenolic compounds, tannins, saponins, carbohydrates, proteins, amino acids, organic acids and withanolides (steroidal lactones). It is known that these bioactive compounds possess antihyperglycaemic, antihyperlipidemic, hypolipidemic, antiinflammatory, antimutagenic and anticancer/ anticarcinogenic, hepatoprotective, immunomodulatory, antifungal, antibacterial, antihelminthic, hypocholesterolemic, free radical scavenging, wound healing, cardiovascular, immunosuppressive and diuretic activities (reviewed in Gupta 2012; Jain et al. 2012; Gupta & Keshari 2013; and references therein) . Excessive collection of W. coagulans from wild resources has marked this plant species as threatened and endangered (Rawat 2008), although it is not listed on the IUCN Red List www.iucnredlist.org). The association between the roots of W. coagulans and arbuscular mycorrhizal fungi may confer upon the plant an ability to survive harsh climatic conditions such as drought (Panwar & Tarafdar 2006) .
The use of tissue culture and biotechnology would allow the mass production of medicinally important compounds such as the withanolides from rare germplasm. According to Mishra et al. (2013) , the difference between W. somnifera and W. coagulans is that withanolides are produced primarily in the roots of the former and primarily in the aerial parts of the latter. For sampling natural populations in order to identify superior genotypes or to assemble diverse genotypes for future breeding programmes, a suitable sampling procedure is required (described by Gilani et al. 2009 ). In this study, seven populations of W. coagulans from diverse districts in Pakistan ____________________________________________________________________________________________________________________ were analysed using PBA (P450 based analogue) markers, identifying low interpopulation but high intrapopulation diversity. The diversity can further be mined by nondestructive sampling of tissues and propagated by in vitro techniques as summarized in this minireview.
A micropropagation protocol typically consists of explant collection, surface sterilization, establishment of aseptic cultures, shoot induction and multiplication, rooting, acclimatization, screening of genetic fidelity and performance of micropropagated plants in field conditions. Nodal explants from fieldgrown plants or from in vitro seedlings are the most common explants for the tissue culture of W. coagulans (Table 1 ). There are only two alternative regeneration protocols for W. coagulans. One of them described adventitious shoot regeneration from leaf segments of field-grown plants (Jain et al. 2011 ), while the other described the use of leaves from axillary shoots emerging from nodes and shoot tips of in vitro-raised shoots (Mishra et al. 2013 ). There is also only one report on callus-mediated regeneration from leaves and internode segments of in vitro seedlings of W. coagulans (Valizadeh & Valizadeh 2009 ). There are no reports that consider direct or callus-mediated somatic embryogenesis in W. coagulans. The literature (Table 1) indicates that Murashige and Skoog's (MS, Murashige & Skoog 1962 ) medium has been the best choice for culture initiation, multiplication and rooting. No studies found any other basal media to be important. Most studies employed N 6 -benzyladenine (BA) alone or in combination with kinetin (Kn) for shoot induction and multiplication (Table 1) . Only one report is available in which a cytokinin, meta topoline (mT), was found to be the most effective for axillary shoot multiplication from nodal explants (Joshi 2014 ). Joshi (2014) studied the effects of 0.5, 1.0, 1.50, 2.0 and 2.50 mg·l -1 of BA, Kn, thidiazuron (TDZ), zeatin (Zea) and mT in combination with 50 mg·l -1 adenine sulphate (AdS) and 0.1 mg·l -1 α-naphthaleneacetic acid (NAA). The best shoot multiplication index (79.17%) was achieved with MS medium supplemented with 2.50 mg·l -1 TDZ, 50 mg·l -1 AdS and 0.1 mg·l -1 NAA but all regenerated axillary shoots were hyperhydric (Fig. 1A) . On the other hand, when the MS medium was supplemented with 2.50 mg·l -1 mT, 50 mg·l -1
AdS and 0.1 mg·l -1 NAA, the multiplication index of healthy shoots was 75% (Fig. 1B) . Indole-3-acetic acid (IAA) or indole-3-butyric acid (IBA) was the most frequently used as auxins for inducing in vitro rooting, usually in the presence of half-strength MS medium (Table 1) . Jain et al. (2009 Jain et al. ( , 2011 reported that the addition of phloroglucinol (PG) and choline chloride (CC) to the basal medium enhanced the rooting of in vitro cultured W. coagulans shoots. 
____________________________________________________________________________________________________________________
In order to produce withanolide A in root cultures as an alternative method to the destructive harvesting of roots, Abouzid et al. (2010) established liquid root cultures based on IBA-supplemented MS medium using seedling-derived roots as explants. One proposal for future experiments can be the use of exogenously applied PG in order to increase root production (Teixeira da Silva et al. 2013 ).
There are very limited studies that have employed molecular techniques to assess any aspect of W. coagulans research. For example, Jain et al. (2009 Jain et al. ( , 2011 used random amplified polymorphic DNA to assess deviations from true-to-type plantlets derived from in vitro culture and mother plants. Kushwaha et al. (2013) characterized a tropinone reductase in W. coagulans using leaves from in vitro plantlets according to protocols established by Jain et al. (2009 Jain et al. ( , 2011 and Mishra et al. (2013) . The study by Mishra et al. (2013) was the first study on an enzyme involved in the secondary metabolism in this medicinal plant. Mirjalili et al. (2011) capitalized upon the ability of hairy root cultures, induced by Agrobacterium rhizogenes-mediated transformation, to increase the production of triterpenoids (phytosterols and withanolides) through the overexpression of the squalene synthase gene. Mishra et al. (2013) established the first Agrobacterium tumefaciens-mediated genetic transformation protocol for W. coagulans in which leaves of in vitro plantlets were used to introduce marker (gusA) and selector (nptII, hptII) genes.
Synthetic seed technology, which involves the encapsulation of in vitro or in vivo generated explants in an alginate bead, is an efficient system that supports the multiplication, storage and exchange of germplasm having traits of choice that are difficult to propagate via traditional approaches (Sharma et al., 2013; Gantait et al., 2015) . Rathore & Kheni (2015) recently reported the alginate encapsulation of microcuttings (shoot tip and nodal segments) with 3.0% sodium alginate and 100 mM calcium chloride. Microshoot encapsulates were regenerated (96%) on 0.75% agar-gelled MS medium containing 1.11 µM BAP and 0.57 µM IAA. Pulse-treatment of the base of microcuttings with 2.46 mM IBA for 2 min was essential for conversion of beads into plantlets, and more than 95% of the encapsulated microcuttings produced shoots and roots within 30 d.
Conclusion and future perspectives
The tissue culture and biotechnology of W. coagulans, a valuable medicinal plant, remain unexplored relative to the more famous W. somnifera. The focus of future studies to improve the research objectives of this plant species is: induction of somatic embryogenesis and use of somatic embryos in bioreactors, the use of somatic embryos and other propagules, increased production of withanolide or withaferin, the most important biologically active compounds of this plant; the induction of organs using a wide range of plant growth regulators (e.g. Teixeira da Silva 2014; Teixeira da ) and testing the use of different gelling agents, abiotic growth conditions, additives and even biotic interactions (e.g. arbuscular mycorrhizal fungi) in order to improve in vitro productivity and secondary metabolite production. For the better understanding of developmental regulatory events, investigation of thin cell layers could be useful (Teixeira da Silva 2014; Teixeira da while in vitro breeding could advance much more quickly if flowers could be artificially induced in vitro (Teixeira da Silva 2014; Teixeira da Silva et al. , 2015 , allowing for the reproductive tissue to be available on demand throughout the year. The biotechnology of this plant must be accompanied with an increased environmental regulation that suppresses illegal gathering and destructive exploitation of this plant species from nature, while also seeking ways to introduce genetically variable in vitro-derived clones back into wild, protected environments.
